53 that it is relatively insensitive to the anomalies in the velocity data as long as the anomalies remain 54 spatially and temporarily localized [13, 14, 15] . LCS methods have been used successfully for 55 experimental and computational studies. Shadden et al. [12] proposed an approach to identify LCS. They 56 stated that LCS could be characterized as the ridges of Finite-Time Lyapunov Exponent (FTLE) fields.
57 FTLE ridges represent the locations that show a maximum degree of separations among trajectories of 58 several fluid particles. They reported that FTLE fields have a high capability to detect unsteady separation 59 profiles in highly chaotic flows over structures. This approach will be implemented in the present study to 60 get a better understanding of the turbulent coherent structures in the wake of flow past arrays of tandem 61 plates.
62
Green et al. [16] employed LCS method to investigate the formation and evolution of the 63 unsteady wake behind a pitching panel for Reynolds numbers in the range of 4,200 -14,000. Their 64 experimental study illustrated that the LCS reveals and identifies patterns as a quantitative event in a way 65 not dependent on the user-defined arbitrary threshold. Kourentis et al. [17] identified LCS associated with 66 the results acquired from the turbulent wake of a circular cylinder at Reynolds number of 2,150. To 67 identify the LCSs, they used the most widely used approach, FTLE method [6] . They reported that the 68 LCSs provide a powerful visualization tool that can be used to reveal the vortex street in the cylinder's 69 wake. Recent studies successfully implemented the Lagrangian method to investigate the cavitating 70 turbulent flows around hydrofoil [18, 19, 20, 21] . Cheng et al. [18] and Long et al. [19] identified two and 71 three-dimensional FTLE fields, respectively, to analyze turbulent flows around the Delft twisted 72 hydrofoil. Their results showed a very good correlation between the FTLE and the Eulerian vortex 73 identification techniques. The three-dimensional LCSs [19] provides a promising visualization alternative 74 to study the vortex dynamics in turbulent flows. Tseng & Liu [20] and Cheng et al. [21] implemented the 75 Lagrangian approach to study the dynamics of the cavitating turbulent flows over the ClarkY hydrofoil. 87 Recently, Liu et al. [23] investigated the flows past a single and arrays of plates by conducting three-88 dimensional LES simulations with Reynolds number of 50,000. They reported that the spacing and the 89 spatial position of the plates influence the flow patterns and the hydrodynamic forces exerted on plates. In 90 the case with a tight gap between the plates, the downstream plate experiences a much lower drag 91 coefficient compared to that of the upstream plate. As the gap between plates increases to 20 heights of 92 the plate, the drag coefficient of the downstream plate is fully recovered. Liu et al. [24] conducted an 93 experimental study to characterize the flow around two identical square cylinders in a tandem 94 arrangement. The distance between the two cylinders varies from 1.5D to 9D, where D is the diameter of 95 the cylinder. Reynolds number is ranging from 2,000 to 16,000. They reported that the flow 96 characteristics around the two cylinders are profoundly influenced by the length to diameter ratio and the 97 spacing between the cylinders. The experimental study by Yen et al. [25] using two tandem square 98 cylinders placed in a vertical water tank showed that multiple shedding modes occur depending on 99 different spacing and spatial position of the downstream cylinder. Sohankar [26] [28] analyzed the flow over tandem cylinders near a moving wall to investigate 106 the effect of wall presence on the wake dynamics. They reported that the wall affected the flow dynamics 107 and shedding structures which in turn promoted higher fluctuations in the hydrodynamic loading exerted 108 on the cylinders.
109
Flows past arrays of finite plates are studied to characterize turbulent flows using the LCS 110 method in three-dimensional geometries. The motivation of this work is to identify three-dimensional 111 LCS in complex turbulent flows past arrays of plates. LCS approach using FTLE fields is compared 112 against the Eulerian methods of Q-criterion. To the best of the present authors' knowledge, Lagrangian 113 coherent structure method in conjunction with three-dimensional turbulent flows past tandem finite plates 114 at high Reynold number has not been investigated. The equations governing the FTLE to capture the 115 LCSs are described. The validation of the LCS analysis and the FTLE is presented. Results will be 116 presented for turbulent flows past arrays of finite plate confined in a channel to elucidate the effectiveness 117 of LCS and to characterize complex turbulent flows. 
118

NOMENCLATURE
A projection area ∆ time step size C D drag coefficient , velocity C L lift coefficient ,
126
The filtered form of Navier-Stokes equations with the low pass filtering is given by:
Here is the filtered velocity vector and the over bar stands for the filtering operator; ρ = -130 represents the density of the fluid; is the resolved pressure; t represents the time, and the subgrid shear 131 stress is given by:
, which is computed through the subgrid-scale (SGS) models. By = -132 applying the Boussinesq hypothesis, the SGS turbulent stress is computed by: 
160
The objective is to detect the ridges where the degree of stretching of particle trajectories is the 161 greatest. The stretching, distance between the two particles, is initially set by the infinitesimal 162 perturbation, . After time , the two particles will be separated by distance, . This separation can 176 Eq. (11):
The FTLE evaluation can be done either in forward time or in backward time .
( 1 > 0 ) ( 1 < 0 )
179 Forward and backward integration produce two different types of LCS; forward time integration produces 180 a repelling LCS while backward integration produces an attracting LCS [12] . In the present study, the 181 FTLE fields for all cases are computed using the backward time integration for a better visualization of 182 the vortex shedding. The LCS visualization is presented in comparison with the Q-criterion in order to be 183 consistent with previously published studies [3, 13, 22] . 196 descriptions of these discretization methods can be found in Ref. [32] .
197
The schematic of the three-dimensional computational domain for flows past arrays of plates is 198 depicted in Fig. 1 (a) . The two plates positioned perpendicular to the incoming flow direction are arranged 199 in a tandem array. The plate tip angle is illustrated in the side view (z = 0 plane) of the tandem plates in 200 Fig. 1 (b) . The geometry of a single plate is illustrated in Fig. 1(c) 211 For the case 1, the plates have a 45º corner angle (see Fig. 1 ) and for the case 2, the plates have a 90º 212 angle. 
216
No-slip and no-penetration boundary conditions are applied at the plate surface and the top and 217 bottom boundaries of the computational domain. The side boundaries of the computational domain are set 218 with periodic boundary conditions. Uniform velocity is applied at the inlet with the velocity magnitude of 219 0.5 m/s in the streamwise direction. The outlet boundary is set to be zero-gage pressure. Geometric 220 parameters with physical properties and flow parameters are tabulated in Table 1 
Parameter Values
The mesh structure for a single plate in the side view (z = 0 plane) and for the array of plates in 13 | P a g e 236 m/s, is calculated to be 9,000. The geometry of the computational domain depicted in Fig. 3 and the 237 parameters of the validation study listed in Table 2 match the recent experiments of Rockwood et al. [35] . 249 number is less than unity and the mean value of is about 0.06. In order to describe how the turbulent CFL 250 kinetic energy is distributed between the different sizes of vortices, the "Kolmogorov -5/3 spectrum" is 251 evaluated [33, 34] . The time evolution of the pressure coefficient, , at the
252 location upstream of the cylinder is shown in Fig 4(a) . The power
253 spectrum density (PSD) of the pressure coefficient signal is shown in Fig 4(b) . 
273
, are depicted in Fig. 6 . The LCS is acquired through the integration over two vortex shedding
274 cycles (3.68s). The time interval for the integration coincides with the integration time that was used to 275 detect the FTLE fields in the experiment. The Q-criterion, an Eulerian scalar, is the second invariant of 276 the velocity gradient tensor, which is used to visualize the three-dimensional vortical structures [36] . The 277 Q-criterion is evaluated by , where and 
4.2 Spatial Convergence of LES
292
Mesh optimization study for LES simulations is conducted using three mesh densities: =1. 296 the downstream plate (P2) using and mesh are nearly the same, as listed in Table 4 . This result 2 3 297 implies that is sufficient to ensure the spatial convergence. 
304
The evaluation of FTLE fields is dependent on both the integration time,
, and the size
305 of the structured grid of particles to be tracked [14] . In order to assess the temporal and spatial 306 convergence of LCS, the FTLE was evaluated for different values of the integration time span and two 307 different meshes. Fig. 7 shows the FTLE fields evaluated at an integration time of and ∆t = 0.5 s, 1 s,
308
. A first look at the images reveals that longer integration time will enhance the evaluation of the 1. 311 This relation between the integration time and the level of the FTLE field's details is consistent with that 312 reported by Green et al. [14] . However, a further increase in the integration time increases the population 313 of LCS, which causes a loss of clarity in the flow images. Fig. 7 
321
The effect of the number of tracer particles on the FTLE fields is shown in Fig. 8 . The FTLE fields 322 predicted by two structured grids: one with 0.25 million grid points and one with 1 million grid points.
323 The integration time was fixed at to reduce the need for computational resources. The two t = 0.5 s 324 images show that the topology of the FTLE fields is similar for the main boundaries, but the flow image 325 obtained with the denser grid is sharper. The FTLE ridges obtained with the denser grid are thinner with a 326 greater value. As a result, more details of particle trajectories are revealed. However, simulations using a 327 denser mesh require more computational resources to extract the FTLE fields. For a consideration of the 328 spatial accuracy and the computational cost; the FTLE fields in this study were extracted and evaluated 329 using 1 million structured grid points. 
346
, and LCSs based on the FTLE field. Images are rendered at y = 0 plane (see Fig. 9 ) and z ( × ( / ∞ ) 2 ) 347 = 0 plane (see Fig. 10 ) at λ=150. The predefined arbitrary user threshold which needs to be applied for the 348 Eulerian Q-criterion and vorticity is selected to be the same scale with FTLE fields for a proper 349 comparison. The generated vortex shedding from the upstream plate interacts with the downstream plate, 350 the level of interaction is highly dependent on the spacing between the plates, as also reported by Liu et 351 al. [23] . The upstream plate generates a shear layer that rolls up downstream and generates multiple 352 vortices. These vortices deform and spread in all directions in the wake region behind the upstream plate.
353 They interact vigorously and blend together with the vortices generated from the downstream plate. As a 354 result, highly turbulent vortical activities are seen at the front and back face of the downstream plate for 355 each geometry, as shown in Fig. 9 (a, d, g ). For the tighter spacing, 5D, the downstream plate is engulfed 356 by the shear layers induced by the upstream plate, as shown in Fig. 10 (a) . For all cases the vortex 357 shedding pattern of the downstream plate is strongly influenced by the wake flow induced by the 358 upstream plate, as shown in Fig. 9 (d, e, g, h) and Fig. 10 (d, e, g, h) . Contours of the instantaneous 359 vorticity shown in Fig 8 and Fig 9 reveal very little or no information about the origination and the 360 evolution of the vortices. In principle, the vorticity contours show the regions with the highest vorticity 361 magnitude (vortex core) with its spatial position inside the flow. Vortex core can provide a premise about 362 a coherent vortex, which could be a good candidate for an identification of coherent vortex structures.
363 However, identifying coherent vortical structures in complex flows such as the one studied here using the 364 vortex core intensity alone is not adequate. This is due to the fact that the higher vortex core intensity is 365 influenced by the user predefined threshold, the user judgements, and the selected reference frame [5] . The Q-criterion depicted in Fig. 9 (b, e, h ) and Fig. 10 (b, e, h ) reveals instantaneous structures 370 inside the flow with as coherent structures, in which the rotation dominates over the strain [37] . In > 0 371 contrast; the FTLE fields depicted in Fig. 9 (c, f, i) and Fig. 10 (c, f, i) shows the evolution of highly 372 coherent vortex structures generated from the upstream plate tips which then spread in the streamwise 373 direction and interact with the vortex structures originating from the downstream plate. Again, as in the 374 Eulerian Q-criterion, for the case with tighter spacing, 5D, the LCSs are equally concentrated in the front 375 and back faces of the downstream plate. While for the larger spacing cases, the main concentration of 376 LCSs are at the back of the downstream plate. In those cases, few coherent structures can be seen to 377 extend all the way from the tips of the upstream plate until it resides at the front face of the downstream 378 plate. LCSs show that the level of vortical activities between the two plates in the case of G=5D is lower 379 than the cases with G=7D and 10D, this is because the two plates in the case of G=5D are acting like a 380 single plate with no significant shedding from the downstream plate. The LCS also detected very clearly 381 the shear layer and its separation from the upstream plate for all three spacing. It is evident that FTLE 382 provides an effective tool to detect and reveal the coherent vortex structures and present an intriguing 383 process for the mutual vortex interactions. While the flow field plots generated by Lagrangian and 384 Eulerian methods are similar, the FTLE fields provide higher resolution images with highly detailed flow 385 structures. Comparing the output of the two approaches, FTLE fields detect coherent structures in the 386 flow domain where the Q-criterion could not. Figure 9 and Figure 10 show the contrast difference 387 between the two methods for the evolution and interaction of the detected vortices. The reason for lack of 388 correlation between the two approaches and the presence of discrepancy is the arbitrary threshold used in 389 Q-criterion. Smaller threshold values will give a higher vortex intensity and will change the spatial 390 position distribution due to the generation of new rotational core regions. In contrast, FTLE spatial 391 distribution is independent of any arbitrary threshold. Additionally, some of the discrepancy seen in the 392 results might be because Q-criterion relies on the second invariant of the velocity gradient; making it 393 highly sensitive to any abnormality in the input data. Lagrangian approach tracks the velocity changes of 394 the fluid particles along the particle paths, which make it insensitive to the short-term abnormality in the 442 level for 5D; explaining the reason for attaining a low drag coefficient for this plate. The drag force 443 exerted on the plate in these flows is governed by the pressure difference between the front and back face 444 of the plate. The pressure difference between the front and rear face is increased greatly for 7D, as 445 depicted in Fig. 13 . For 10D spacing, the pressure difference between the two faces of the plate is further 446 increased. As a result, the drag coefficient of the downstream plate is further decreased. 
477
The FTLE and the instantaneous Q-criterion contours for the two tandem plates near a wall are 478 presented in Fig. 15 for G = 5D. The vortices generated inside the boundary layer impinge on the 479 upstream plate and strongly interact with the plate, see Fig. 15 (a and c) . The vortex shedding from the top 480 side of the upstream plate is suppressed by the wall boundary layer and the vortices generated from the 481 bottom of the upstream plate expand downstream in the wake region and interact with the downstream 482 plate. The shedding from the bottom side of the downstream plate becomes very irregular. Comparison of 483 the spatial distribution and the intensity of the Eulerian Q-criterion depicted in Fig. 15 (b, d) with the 484 Lagrangian FTLE fields depicted in Fig. 15 (a, c) 
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Even with a lower integration time and a coarser grid of tracer particle, the LCS method still produces 
